The area of the polar cap a.s a function of local time and substorm phase was measured using images from the Polar Ultraviolet Imager (UVI) for different interplanetary magnetic field (IMF) orientations during three substorms in January 1997. We measured changes in the polar cap area and motion of the poleward and equatorward boundary of the auroral oval. It was found that the polar cap boundary is strongly influenced by thinning of the oval, decrease in polar cap structures, the poleward expansion of the substorm at midnight, and the fading of luminosity below the instrument sensitivity threshold. Generally, these effects dominate over the latitudinal motion of the auroral oval at its equatorward edge. A new feature is that the polar cap region clears of precipitation during the substorm growth phase, which expands the size of the polar cap but is not necessarily related to an expansion of the open flux region. Another finding is that the increase in polar cap area prior to onset can be independent of the strength of the southward IMF component. For one case the polar cap area increased while the southward component of the IMF was 0 + 0.5 nT. These observations have strong implications for models that use the polar cap area to estimate the magnitude of energy storage in the lobe magnetic field and loss during substorms.
Introduction
The area of the polar cap, the region poleward of the auroral oval where the magnetic flux tubes are considered to be open with respect to the interplanetary magnetic field (IMF), has been of great interest since changes in its size have a fundamental connection with magnetospheric dynamics during substorms. Reconnection substorm models rely on magnetic field from the solar wind that has merged with Earth's magnetic field as a source of energy [e.g., Russell and McPherron, 1973] .
The storage and release of magnetic flux in the tail lobes is thought to cause the polar cap to expand and contract, respectively [Siscoe and Huan9, 1985] . According to these models, the polar cap area is a fundamental quantity. For example, the polar cap area as determined by auroral images has been used to indicate the changes in energy storage and release during the growth and expansion phases [Frank and Craven, 1988; Baker et al., 1994 Baker et al., , 1997 .
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The open flux region that defines the polar cap region is not presently an experimental observable instantaneously on a global scale. In practice, the pole- [1991] questioned the interpretation that polar cap area as derived from satellite images represents the magnitude of the open flux. Viking observations showed that the polar cap area was highly variable during the growth phase. While the equatorward boundary of the aurora near midnight was found to move consistently southward during the growth phase, the northern boundary would sometimes deviate poleward during its equatorward trend. The difference between the two boundary motions has been attributed to fading of high-latitude auroral activity [Davis, 1963] and the narrowing of the low-energy precipitation region [Meng and Makita, 1986] . From a global perspective these observations suggested that the polar cap would appear to expand because precipitation decreases below measurement levels or the auroral region thins in latitude, both of which need not be related to changes in the size of the open flux region.
With the deployment of the Ultraviolet Imager (UVI) [Torr et al., 1995] on the Polar spacecraft it is now possible to investigate these issues on a global scale as the aurora borealis is observed for up to 6 to 8 hours at greater than 1-min resolution [Brittnacher et al., 1997a] . Here we report a study of the relationship between polar cap area and substorm phase using UVI images for three events. The polar cap region was determined by an algorithm that selected regions poleward of the auroral oval that did not exceed a predetermined threshold. This is different from previous methods. Frank and Craven [1988] and Kamide et al. [1998] used a 1-kR (kilorayleigh) contour to define the polar cap boundary, and Germany et al. [1998] used a neural network boundary identification algorithm. These methods relied on determining a boundary for the polar cap. Our method sums regions devoid of precipitation that can have very irregular boundaries and are sometimes not enclosed in a single region. The reasons for choosing our threshold method are discussed in section 2. Changes in the polar cap area and in the poleward and equatorward boundary of the auroral oval were investigated in conjunction with measurements of solar wind IMF orientation and magnitude from the Wind spacecraft. Local time variations in the polar cap boundary were also studied using spacecraft image "keograms," a time series of luminosity across auroral latitudes for a fixed magnetic local time. These new global observations of the aurora are discussed below in the context of current models of the substorm growth and expansion phase.
Methods
Three substorm events in January 1997 were selected where UVI was able to monitor the entire auroral oval for several hours. The three events also occur for different IMF conditions and provide an opportunity to determine what may be common to substorms or vary with IMF magnitude and orientation. Boreal winter substorm events were chosen to avoid corrections for dayglow contamination. UVI images are recorded every 37 s using two filters that select the short (LBHs) and long (LBH1) wavelengths of the Lyman-Birge-Hopfield spectrum. The LBH spectrum is produced by electron impact excitation and is not susceptible to resonant scattering, quenching, or other processes that can modify the column-integrated intensity. Since SchumannRunge absortion by O2 is negligible for the longer wavelengths of the LBH spectrum, the luminosity observed at the spacecraft does not depend on the emission altitude or, consequently, the average energy of the precipitating electrons. Therefore the auroral luminosity observed with the LBH1 filter is directly proportional to the energy flux of the precipitating electrons. The LBH1 images, calibrated in units of photon flux, were converted to energy flux of precipitating electrons using auroral transport modeling [Lummerzheim and Lilensten, 1994; and then transformed into the Apex magnetic coordinate system [Richmond, 1995] .
An emission altitude of 120 km is assumed in mapping the images. Only images using the LBH1 filter are shown in this report, although all images were examined to determine substorm onset times.
For brevity, the region contained within the boundaries of auroral luminosity in this study will be designated simply as the "polar cap." However, this region is not necessarily equivalent to the region of open flux tubes that normally defines the polar cap. The polar cap region is determined by a statisically significant threshold of auroral luminosity measured in terms of a photon flux at the camera of 4 photons cm -2 s-1. The minimum instrument sensitivity is about 0.5 photons cm -2 s -1. This corresponds to a brightness of 120 R or, when converted to units of electron energy flux of the incident electrons, 1 erg cm -2 s-1 All regions poleward of the auroral oval that are below this threshold are included in the polar cap region whereas oval-aligned arcs or theta aurorae structures are not. keograms suggesting that the expansion of the oval is due to motion of the field-aligned current systems.
January 12, 1997
Although the beginning of the growth phase is not easy to determine from the plot of the polar cap area in Plate 3, a 40% increase over the 46-min period from and 10 events. The poleward expansion of the aurora in the 23-MLT region during the first intensification did not achieve as high a latitude as did the substorm on January 9, although the total energy precipitated was roughly equivalent. Prior to the the second intensification peaking at 0750 UT a small but statistically significant increase in the polar cap area is evident. During the second intensification the polar cap area again decreases, but then rapidly rises back to its maximum value at 0758 UT. Note that the IMF had turned southward during the substorm and may account for the increase in the polar cap area duriffg the expansion. The nightside aurora during the third and nmch larger intensification expands to roughly 85 o MLAT, a few degrees higher value than was observed during the January 9 event, albeit for a nmch less intense substorm. The further decrease in the polar cap area during the fourth intensification at 0827 UT is partly due to the dayside oval moving out of the UVI field of view beginning at 0820 UT and the inability of the algorithm to create a reasonable boundary for so large a gap in the oval. The keogram for 18 MLT in Plate 3 shows that. the polar cap boundary decreases only about 1 ø MLAT prior to the substorm onset and does not begin to move poleward until the strongest intensification of the aurora a.t 0805 UT. At 23 MLT the polar cap boundary shows a more remarkable equatorward retreat of nearly 10 ø MLAT prior to onset, a rapid poleward expansion of 10 ø in the next 10 rain, and then a slight recovery. The second, third, and fourth intensifications of the aurora also show the same behavior of a rapid poleward expansion followed by a slower recovery at 0745, 0805, and 0820 UT. The polar cap boundary at 6 MLT is steady prior to onset and declines in latitude for 30 min following the onset. This corresponds to a period of negative Bz and is evidence of latitudinal motion of the oval in response to a southward orientation of the IMF. At 0805 UT, when the precipitation rapidly increases at this local time, the decline in latitude of the poleward boundary stops and then reverses to expand poleward rapidly while the equatorward boundary continues to move to lower latitude.
Discussion
The polar cap region during the substorm growth phase was consistently found in this study to expand in size, independent of the magnitude of the IMF B• component. The increase in the polar cap area was observed to last from 30 to 50 min. The increase in the area was as little as 25% or as much as a fourfold increase, as seen on January 10 when the polar cap was filled with considerable activity before the substorm. There were three phenomena that contributed toward the increase in the polar cap region: (1) motion of the auroral oval to lower latitude, (2) the decrease in latitudinal width Immediately following the substorm onset (or pseudobreakup), the polar cap area was consistently observed to decrease, although later increases in the polar cap area during the substorm were found. The total decrease varied by as little as a factor of 2 and, for the case of January 12, 1997, the area decreased from 9 to l x 106 km 2. The precipitation in the high-latitude region within a few hours of midnight during the substorm expansion strongly controls the decrease in the polar cap area. It was noted that the polar cap area decreased concurrent with, and approximately in proportion to, the rise in electron precipitation during substorm activity. This anticorrelation between the polar cap area and the global electron precipitation power was not observed at times other than during a rapid increase in auroral activity. It was not always •he case that contraction of the polar cap and increase in latitude of the poleward boundary were correlated. For example, during the January 12 substorm the polar cap area decreased at the same time as the poleward boundary between 6 and 12 MLT continued to move to lower latitude. This was during a strong B• southward condition.
Therefore the auroral oval motion near dawn and noon provides evidence of a response to solar wind IMF conditions during the substorm. This evidence of an increase in the oval at certain local times during the first 35 min of the substorm also indicates why the polar cap area did not decrease as much as the other two substorms in this study, and even returned to its value at the time of the substorm onset. Kamide et al. [1998] predicted that the polar cap region might not contract during the expansion phase for all substorms. In their view, competition between processes that add flux (e.g., dayside reconnection) and ones that extract flux (e.g., tail reconnection) from the polar cap might not always favor the latter process as the most significant. This is consistent with the fact that the polar cap area returned to its substorm onset size about 35 min later, during the strong southward IMF Bz. However, the polar cap area initially decreased following the substorm onset, indicating that the process responsible for controlling the poleward boundary of the aurora in the expansion region operated on a shorter timescale than the process that expanded the polar cap globally. It is also notable that the jump to high latitude of the nightside polar cap boundary during the expansion phase of the January 9 and 12 substorms reduced the polar cap area by 2 to 3 *•imes the area gained during the growth phase. If these auroral emissions that expand into the polar cap are considered to be on flux tubes that close in the magnetosphere, and the reduction of the polar cap area is interpreted as a loss of open flux in the polar cap, then the current paradigm of substorm energetics would lead to conflicting conclusions for the two substorms. During both of these substorms the gain in area prior to onset was similar, as was the factor of 2 to 3 larger loss in area following onset. However, the energy deposition for the January 12 substorm was more than twice as great. This implies that the gain or loss of area is not directly related to the magnitude of the substorm. This is contrary to the current substorm paradigm where particle energization is a byproduct of the conversion of open to closed flux by reconnection. A more direct relationship between the loss of polar cap area and the intensity of the substorm would be expected. In summary, we have found that three processes, decrease in latitude of the poleward boundary of the oval, thinning of the oval, and clearing the polar cap of precipitation, contribute to the increase in the apparent size of the polar cap, and these processes can occur independent of the magnitude of the IMF Bz component. Not all of these features can be explained by current substorm models, and they provide new evidence of growth phase processes. Although we might want to know the fractional contribution of each of the three processes to the increase in the size of the polar cap, it is not always apparent how to distinguish their effects. We consider that the dynamics of the polar cap region during substorms may not be fully understood and that interpretation of changes in the polar cap area, as determined from auroral images, according to the current substorm paradigm might be misleading. For this reason we do not offer any estimates of the amount of magnetic flux gained or lost during substorms on the basis of the polar cap area. Such an excercise appears meaningless until we can more fully understand what we are observing in the global auroral images.
